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SUMMARY

The degree to which experimental results obtained
‘nder choking conditions in a wind tunnel with
olid walls simulate those associated with an un-
ounded flow with free-stream Mach number 1 1s
nvestigated for the cases of two-dimensional and
risymmetric flows. It is found that a close
esemblance does indeed exist in the vicinity of the
ody, and that the results obtained in this way are
enerally at least as accurate as those obtained in a
ransonic wind tunnel with partly open test section.
fome of the results indicate, however, that substantial
nterference effects, particularly those of the wave
eflection type, may be encountered under certain
onditions, both in choked wind ftunnels and in
~ansonic wind tunnels, and that the reduction of
hese interference effects to acceptable limits may
rquire the use of models of unusually small size.

INTRODUCTION

It was long believed that the phenomenon of
hoking prevented the use of a closed wind tunnel
o obtain data representative of unbounded flow
-ith free-stream Mach number 1, and that the
ssults obtained wnder choking conditions, al-
hough readily repeatable, were of no general
ractical importance. A scries of theoretical
westigations, many of which are summarized by
tuderley in reference 1, has indicated, however,
hat the flow in the vicinity of the model under
hoking conditions has a close resemblanee to an
nbounded flow with free-stream Mach number 1,
rovided the dimensions of the model are sufl-
ciently small compared with those of the test sec-
on. Although the important question of the mag-
itude of the deviation has been examined for only
very small number of two-dimensional flows past

simple airfoils, principally wedges and flat plates,
it is found in each case that the influence of the
wall is relatively small for model sizes typical of
standard wind-tunnel practice. The results of
these investigations represent an important con-
tribution to the knowledge of nonlinear wind-
tunnel interference effects, and provide a strong
indication, previously unsuspected, that measure-
ments in a choked wind tunnel may be very useful
in the study of transonic flows with free-stream
Mach number 1.

Although some of the theoretical investigations
of the flow in a choked wind tunnel date back
about ten years, very little attention has been
given to the actual use of a solid-wall wind tunnel
to simulate flows with free-stream Mach number 1.
This fact, together with a growing realization that
experimental results obtained in transonic wind
tunnels with partially open walls are sometimes
subject to interference effects of large and un-
known magnitude (see, e.g., refs. 2, 3, and 4), has
prompted the present investigation.  The purpose
of the investigation is fourfold: first, to provide an
experimental check on some of the quantitative
theoretical results for simple two-dimensional
airfoils; second, to provide information for addi-
tional cases, both two-dimensional and axisym-
metrie, for which the theoretical studies yield
only a qualitative estimate of the interference
effeets; third, to provide additional information on
interference effects at Mach number 1 in tran-
sonic wind tunnels with partially open walls; and
fourth, to extend further the evaluation of results
of reecent theoretical developments that enable
the caleulation of pressure distributions for a wide
variety of wings and bodies with free-stream Mach
number 1. The accomplishment of this multiple
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purpose is sought by following a consistent pro-
cedure in which experimental results obtained in a
choked solid-wall wind tunnel are systematically
compared with the corresponding results indicated
both by conventional tesls in transonic wind
tunnels and by transonic flow theory. Existing
theoretical and experimental results are used
whenever available, but many of the results for
the choked wind tunnel, as well as some of the
other experimental and theoretical results, are
new and were obtained specifically to complete
certain aspects of the investigation.

QUALITATIVE DESCRIPTION OF FLOW

A qualitative understanding of several impor-
tant features of flow in a choked wind tunnel, and
the relation between them and the corresponding
features of an unbounded flow with free-stream
Mach number 1, can be had by considering the
pair of diagrams shown in figure 1. Both dia-

Unbounded flow, Mp=1 Flow in choked wind tunnel

------ Expansion waves
———— Compression woves
Fravre 1. Sketehes illustrating the principal features of
the flow field in an unbounded stream and in a choked
wind tunnel.

gramws show the conditions associated with a simple
nonlifting body 1in either two-dimensional or
axisymmetric flow.  The aft part of the body has
been omitted not only because most features of
flow at Mach number 1 do not depend on the
shape of this part of the body, but also to aveid
discussion of complicating features associated with
shock waves and, in the casc of axisymmetric flow,
with details of the model support system and
with an imbedded region of subsonic flow that
occurs near the rear tip of a complete body.
L ]

Consider first the diagram on the left represent
ing unbounded flow with free-stream Macl
number 1. Most of the features of this flow tha
are important here are associated with the sonic
line which extends from the sonic point z.* o1
the body to infinity and divides the regions o
subsonic and supersonic flow. The flow is super
sonic downstream of the sonic line and is charac
terized by a system of Mach waves which originat
at the surface of the body and propagate outwarc
into the fluid. Those that originate from point:
close behind the sonic point are expansion wave:
and curve so as to intersect the sonic line from
which they reflect as compression waves. These
in turn, propagate through the fluid and, if the
body is sufficiently long, strike the body anc
reflect as compression waves. Waves that origi
nate from points farther from the sonic poim
intersect the sonic line farther from the body
Finally, there is a limiting wave, which originates
from a point on the body designated zy,_, whicl
must be situated downstream of the sonic poin
but upstream of the point of maximum thickness
that fails to meet the sonie lines even at infinitely
great distances from the body. Inasmuch as the
waves that originate from points on the body afi
of 25, can not have any cffect on the subsonic
region unless they coalesce Lo form a shock wave
that extends to the sonic line, it follows that the
shape of the part of the body situated downstrean
of x,, can be varied within wide limits without
producing any upstream effect on the flow. It
may be noted that this restriction is overlookec
in most discussions of the significance of the
limiting wave, and that some erroncous conclu-
sions have appeared in the literature (see, iv
particular, ref. 5) as a consequence.

Consider next the diagram on the right repre-
senting flow past the same body in a choked wind
tunnel.  As is well known, the Mach number of
the flow far upstream of the model has a definite
value less than unity for any given combination
of model and test section.  This quantity, desig-
nated the choking Mach number M, is not of
greal importance in a discussion of flow in a
choked wind tunnel, however, and it is more re-
warding to concentrate on the properties of the
part of the flow field situated in the general vieinity
of the body. As in the case of the unbounded
flow, there is a sonic line which extends from the
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sonic point £* on the body to the wall and separates
he regions of subsonic and supersonic flow. There
s also a limiting wave which extends from a point
m the body designated x, to the point of inter-
iection of the sonic line and the wind-tunnel wall,
wind divides the waves from the body into two
amilies according to whether or not they reach
he sonice line and ecan hence influence the subsonic
egion upstream. Those that originate upstream
f x, reach the sonic line and reflect as illustrated
n much the same manner as in the case of un-
»ounded flow. Those that originate downstream
f 1, do not propagate outward indefinitely as in
he case of an unbounded flow, however, but re-
lect from the solid wall of the wind tunnel with
mchanged sign.  These waves lead, if the body is
ufficiently long, to interference effects on the rear
[ the body that are of the wave-reflection type
amiliar from corresponding studies of interference
fTects in supersonic wind tunnels. Tt is evident,
owever, that there may be a region of substantial
ize that is free of such wave reflections and within
shich the flow in a choked wind tunnel bears at
ast a qualitative resemblance to an unbounded
ow with free-strcam Mach number 1. Tt is
qually evident from a similar comparison that
he flow in a choked wind tunnel is distinetly
ifferent from an unbounded flow with M, equal
3 M, except in the limit as the tunnel size in-
reases to infinity relative to the model and A7,
pproaches unity,

Several factors that affect the degree to which
ow in a choked wind tunnel simulates unbounded
ow with free-stream Mach number 1 can be ex-
mined on the basis of the foregoing discussion
ithout resort to a complete quantitative analysis
f the two flows. The most obvious, of course, is
1at the degree of simulation improves for a given
ody as the size of the test section is inereased.
n equally evident, but perhaps more surprising,
sult is that the wave-reflection type of inter-
rence on the rear of the body is more likely to
¢ a problem in tests of a thin body than of a
iick body of the same length in a given test sec-
on. The reason is that the local Mach nunbers
'‘main nearer unity and henee the sonic line and
[ach waves are more nearly normal to the flow
irection for the thin body than for the thick
sdy. It can also be seen from similar consider-
iions that wave reflection is more likely to be a
voblem in tests of a body with maximum thick-

ness far forward than with maximum thickness
far aft.

It should be remarked that many of the inter-
ference effects described above also occur in the
study of flows with free-stream Mach number 1 in
a transonic wind tunnel with partly open walls,
The principal differences are that choking does
not oceur in a transonic wind tunnel, and that the
wave-reflection properties of the partly open walls
may be of either sign and are much more compli-
cated than those of solid walls.  The latter factor
may lead to a reduction in interference effects in
a wind tunnel with partly open walls but does not
necessarily do so, as is evidenced by the result
given by Marschner in veference 6 that inter-
ference effects on a double-wedge airfoil, the only
case for which complete theoretical information is
available, are somewhal more than 10 percent
greater in a wind tunnel with a completely open
test section (i.e., a sonie free jet) than in a choked
solid-wall wind tunnel. The transonic wind tunnel
has the big advantage, however, of being eapable
of providing data not only for Mach number 1 but
for all Mach numbers throughout the transonic
range,

TWO-DIMENSIONAL FLOW

The case of two-dimensional flow is considered
first because of the greater simplicity and com-
pleteness of the theoretical and experimental
results,

SUMMARY OF PRINCIPAL THEORETICAL RESULTS

Consider two-dimensional flow of an inviseid
compressible fluid past a thin airfoil of maximum
thickness £ and chord ¢ placed as shown in figure 2
on the center line of a solid-wall wind tunnel
operating in the choked condition. Consider
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Figore 2.— View of airfoil, coordinate system, and

principal dimensions.
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further that the height & of the test section is
sufficiently great that the choking Mach number
is near unity. Tt is advantageous, for such a class
of flows, to develop the solution in terms of
deviations or perturbations from conditions asso-
ciated with a uniform flow with sonie velocity a*
rather than in terms of perturbations from
conditions associated with the uniform flow that
occeurs far upstream in the test seetion. The
retention of only the leading terms in such a
development leads immediately to the nonlinear
equations of the small disturbance theory of
nearly sonic flow (see, e.g., ref. 1). The principal
equations of this theory are summarized below in
terms of a Cartesian coordinate system oriented
in such a way that the positive z axis extends in
the downstream direction along the center line
of the wind tunnel.

Basic equations. -Let 7 and V represent the
components of the velocity parallel to the x and y
axes, and define the perturbation velocity com-
ponents % and ¢ in such a way that U=a*{u
and V=v. The quantitics z and ¢ can be expressed
in terms of the gradient of a perturbation potential
¢ (i.o., u=g¢;, v=¢,) that satisfics the following
nonlinear partial differential equation:

y+1
‘Pyy:? PrPrr (1)

where v is the ratio of specific heats (y=1.4 for air).
The boundary conditions require that the flow be
tangential to the wind-tunnel wall and the airfoil
surface, and be of uniform velocity compatible
with the choking Mach number infinitely far
upstream of the model.  The first condition

requires that
(‘Py)u:h/z-_'o (2)

The second and third conditions are approximated
by

() y=s=a*(dY jdr) 3)
and
20,2/ 1—=M,7"
I S S ek 77()1 z
(‘P:)z:—w*l = 7_*_1(\[7[”1_%“*7)
20*

(1—A

+1 (1 [('ll) (4)
where Y(x) refers to the ordinates of the airfoil
surface, and @, and 7, refer to the speed of sound
and velocity infinitely far upstream of the model.
The pressure p is a quantity of prime interest and

two different pressure coefficients are of interest 1
the following discussion. One is the usual ec
efficient (7,= (p— pen)/qer in which po and g, refle
to the values of the static and dynamie pressure
that occur infinitely far upstream of the airfoi
Another coefficient that is more useful in th
discussion of flow in a choked wind tunnel i
O %= (p—p*)/¢* in which p* and ¢* refer to th
theoretical values of the static and dynami
pressures associated with flow at sonic velocity
that is, p*=0.5283 p, and ¢*=0.3698 p, where 7
refers to the stagnation or total pressure. Th
expressions that relate these pressure coefficient
and the velocity are approximated in a manne
consistent with the simplifications introduced i
the differential equations and boundary conditions
thus

, 2¢ 2er— (@)= w) ;
C,,*:-‘a*l7 C’p='——-i7ki—‘ (:_
Similarity rule.——The ecquations enumerate

above contain a similarity rule that relates tl
acrodynamie properties experienced by families ¢
airfoils of affinely related geometry in choked win
tunnels of arbitrary size. The ordinates of
members of such a family of airfoils are given b
Y/e=1f(z/e) where the thickness ratio 7 must 1
small but is otherwise arbitrary, and the thicknes
distribution funetion f(z/¢) must be the same fc
all members of the family. The similarity
stutes that the pressures on the airfoils of th
family are related in such a way that the followin
functional dependence holds:

O, ¥/ =P(TT7% /) («

where 7T refers to the ratio Aje of the tunnel heigt
to the airfoil chord. The influence of variatio
of v from case to case can easily be inecluded |
this and all of the relations that follow, but he
been omitted in order to take advantage of
slight gain in simplicity that results from the fa
that v effectively disappears as a parameter sinc
it has a constunt value of 1.4 in nearly all cor
ventional transonic testing in which the workir
fluid is air at ordinary temperatures and pressure
The similarity rule also indicates the followir
functional relation for the choking Mach numbe

(1=7M,) /¥ =M{TI'?) G

Simple considerations of similarity provic
knowledge of the pertinent parameters, bu
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cannot provide any information on the relations
between the parameters. Tt is possible, however,
to gain further insight into the interference
cffects in the region upstream of that influenced
by wave reflection, without accepting the diffi-
cultics of solving particular examples in all
detail, by considering the asymplotie behavior
of the flow at great distances from an airfoil.
Guderley has examined this aspect of the present
problem in references 1 and 7, and has shown
for a general two-dimensional airfoil in a choked
wind tunnel that the deviation of the wvalues for
Cp* from the corresponding values (C,*)y
for the same airfoil in an unbounded flow with
free-stream Mach number 1 is proportional to
(1 —M_.)® and inversely proportional to (h/c")%®
where ¢’ is some length characteristic of the airfoil
chord. Combination of this result and the
similarity rule leads to the following pair of
relations for O,* and M, for a family of affinely
related airfoils:

A(YIJ* (11:*—((—'1) *).‘llm=l P(T/C>
T?/S = T?/S =([[T1/3)6/5 (8)

1--M, Const
723 ’:([[Tm)ws (9)

Certamn statements regarding the conditions
under which a choked wind tunnel is useful for
the simulation of an unbounded two-dimensional
flow with free-stream Mach number 1 can be
made directly upon examination of cquations
(8) and (9). One observes first that the inter-
ference effects on the pressure distribution, as
signified by the values for AC7,* are inversely
proportional to the 6/5 power of the height-chord
ratio 77 so that smaller errors result when smaller
models are tested, as is certainly to be expected.
Similarly, AC,* is proportional to V" so that
the magnitude of the interference effects is smaller
for thin airfoils than for thick airfoils. The
quantity  ((,*)y =1 that is intended to De
simulated is proportional to 7%, however, and
the rvesult emerges that  the relative error
AC*/(C*) s, -1 18 inversely proportional to 2%,
and is hence larger for thin airfoils than for thick
airfoils just as is found to be the case for the
wave-reflection type of interference.  These equa-
tions also indicate that the quantity 1—23{,
depends on a different combination of 77 and «
than does AC,*/(C,*) 4. <1, from which it follows

that the quality of the simulation cannot be
judged with certainty by the nearness to unily
of the choking Mach number.

Although the fact that the ratio ¢’/c is a single
constant for all members of a family of affinely
related airfoils makes it permissible to drop the
distinction between ¢ and ¢ in wriling equations
(8) and (9), it should be recognized that the chord
and maximum thickness of the airfoil are not the
significant lengths associated with wind-tunnel
interference at Nach number 1. The reason
is that it is not the dimensions of the complete
airfoil that appear in the asymptotic solution
for the flow at great distances from the airfoil,
but the dimensions of the part of the airfoil that
can influence the subsonie part of the flow field.
This point has been discussed by Barish in reference
8, who suggests the use of the dimensions of
that part of the airfoil forward of the sonic
point, even though it is evident that a somewhat
greater part of the airfoil 1s actually of significance.
This suggestion, which is based upon observations
of the results of numerical caleulations of the
asymplotic flow ficlds of wedges and certain
cusp-nosed airfoils, leads to the following expres-
sions alternative to equations (8) and (9):

ACK P (z)e*
7*273 =(II*S,*I/3))G,5 (10)
1211, Const (11)

7] = (II*T #73)2/5

in which the quantities 77* and 7% represent
Lhic* and t*/e*, and * and ¢* refer to the thickness
and chord of the part of the airfoil forward of
the sonic point. Inasmuch as the two sets ol
funetional relations for 7, * and 1/, are equivalent
for a family of affinely related airfoils, the prineipal
advantage of the latter formulation is that the
function P(x/e*) and the constant may be expected
to be more nearly invariable for airfoils that are
not affinely related.  An example illustrating that
parameters defined in this way are also of
significance in the correlation of data from
transonic wind tunnels having partly open walls
has been given previously in reference 9. This
example is of particular interest here because it
confirms the result suggested by the above con-
siderntions that interference effects at Mach
number 1 on a fumily of nonaflinely related
smooth airfoils of given chord and thickness
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increase as the point of maximum thickness is
moved rearward across the chord. Tt should
be noted that this trend is opposite to that
described in the preceding section for interference
effects of the wave reflection types.

Application to unbounded flow with free-stream
Mach number 1. The foregoing relations for the
flow in a choked wind tunnel reduce smoothly and
continuously to the appropriate forms for un-
bounded flow with [ree-stream Mach number 1 as
the height b of the test section increases to
infinity, and the parameter I77'# grows beyond all
bounds for an airfoil of given geometry. This
conclusion follows from the fact that AC* and
1-{,, arc indicated by equations (8) and (9) to
vanish as 7I+'# approaches infinity. It follows
further, assuming only that ,* is finite and
different  from zero, that the quantity II718
disappears as a parameter in equation (6) and
that (,*/7*® is a function only of zfe and airfoil
thickness distribution function f(xfe) for un-
bounded flow with free-stream Mach number 1.
The latter result is, of course, the well-known
transonic similarity rule deseribed by von Kdrmiin
in reference 10.

The theoretical analysis of unbounded flow is
fundamentally simpler than the analysis of flow
in the bounded channel of a wind tunnel, and a
number of methods, both approximate and exact,
are now available for the calculation of the pres-
sure distribution on a wide variety of airfoils in
an unbounded flow with free-stream Mach number
1. Although these results will be drawn upon
freely in the course of the following discussion, it
would greatly exceed the scope and purpose of the
present summary of theoretical results to attempt
to review these investigations. This body of
information has been reviewed recently in refer-
ences 1 and 3, however, and the reader is referred
to these sources for further information.

Numerical results for interference effects on
wedge airfoils.—The function P(z/e) and the con-
stant that appear in equations (8) and (9) depend
on the shape of the airfoil and are known at the
present time for only wedge and flut-plate airfoils.
Marschner has considered the case of a nonlifting
double-wedge airfoil in reference 6 and has
determined the following expressions for AC,* and
M,,:

AC Y 1.802F(x/c)
T:’;’;«; = ([]1.1/3()6{5 (12)

1—M, 1.127
ETE] h:([]Tl/a):)/s (13)

The function F(r/c) varies as shown in figure 3
from a value of about !4 necar the leading and
trailing edges to zero at the shoulder where the
local velocity is sonic regardless of the relative
dimensions of the airfoil and the test section!

3
2 \ /
N e
FAE
A - 1
o L — |
0 .2 4 B .8 1.0

x/c

Ficure 3.—Theoretical values for the funetion F(z/e) in
equation (12) for a symmetrical double-wedge airfoil
(ref<. 1 and 6).

The significance of the interference cffects indi-
ated by equation (12) can be judged by compari-
son with the values for €,*/7%2 on the same airfoil
in an unbounded flow with free-stream Mach
number 1 given in reference 11 by Guderley and
Yoshihara and reproduced here in figure 4. An
independent  theoretical confirmation of these
results is provided by several relaxation solutions
given by Morioka in reference 12 for the special
cases In which the height of the test section is such
that the parameter 77772 takes on the values =,
4.3, 2.27, and 1.44. Tt may be noted that the
corresponding values for the height-chord ratios H
associated with a 10-percent-thick airfoil are o,
9.3, 4.9, and 3.1. Itis found that the correspond-
ing values for the transonie similarity parameter,
which Morioka writes as §.= v+ 1)U ,—a*)/
a*7*? but which corresponds to 2(M,,—1)/[(y+1)
7]2# 1 the approximate relation of equation (4) is
introduced, are 0, —0.703, —0.921, and —1.116.
These results lead to values for the choking Mach
number of 1, 0.869, 0.829, and 0.795 if the first
form of the parameter is used and to values of 1,
0.864, 0.822, and 0.784 if the second form is used.
+ Attention of those who refer to reference 1 for a summary of the above

analysis is called to the fact that the ordinates of the plot of the function F
given in Abb, 100 should be diminished by u factor of 10,
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Frgure 4. -—Theorcetical pressure distribution on a sym-
metrieal double-wedge airfoil in an unbounded flow
with free-stream Mach number 1 (refs. 1 and 11).

It is informative to compare the latter set of
results with those indicated by ecquation (13),
namely, 1, 0.864, 0.825, and 0.791. It can be
scen that the results for the largest choking Mach
number less than 1, and therefore for the largest
finite height-chord ratio, agree perfectly, but that
small deviations of increasing magnitude are
apparent as the height-chord ratio and the choking
Mach number are diminished. Such a trend is
entirely consistent with the expected properties of
the two sets of results because Marschner’s
analysis is based on the assumption that 7I7'7 is
sufliciently large that only the leading terms need
be retained, whereas this approximation is not
introduced in the relaxation solutions of Morioka.
The differences between the two sets of results are
thus of particular interest because they provide a
measure of the importance of the contribution of
the higher order terms omitted in the analysis of
Marschner. It must, ol course, be assumed in
making this statement that the relaxation caleu-
lations of Morioka are sufliciently accurate that
differences of this magnitude are actually sig-
nificant.
548698 -60— —2

The corresponding results for a lifting flat plate
in a choked wind tunnel have been given by
Guderley in references 13 and 1. Although the
expression for P(r/e) and the value for the con-
stant that appear in equations (8) and (9) arc
naturally different from those indicated above for
the nonlifting double-wedge airfoil, it is found that
the numerical values are of about the same magni-
tude when the thickness ratio 7 is replaced by the
angle of attack in radians.

Additional results, approximate by Kusukawa
(ref. 14) and exact by Helliwell (ref. 15), are also
available for the case of free-streamline flow past
a single-wedge airfoil. It is found that the
numerical values for AC,* for a given value for
M, agree well with those determined by Marsch-
ner for the front wedge, but that the relation
between M, and IT+'7 is much different for free-
streamline flows than for flows such as considered
by Marschner, Morioka, and Guderley in which
acceleration to supersonic velocities through a
Prandtl-Meyer expansion occurs at a convex
corner. This difference extends not only to the
constant, but also to the functional form of the
relation in that the exponent 2/5 that appears in
equation (9) is replaced by 2/3 in the free-stream-
line solution of Helliwell,  The difference is to be
anticipated as a consequence of the fact that the
choking Mach number in free-streamline flow de-
pends on the ultimate width of the wake, which is
considerably greater than the maximum thickness
of the airfoil, and is associated with a correspond-
ing difference between the asymptotie solutions
for the flows at great distances from the airfoil.
It is appropriate to remark before closing this dis-
cussion that two other values for this exponent,
namely, 2/7 and 1/2, arc indicated by the approxi-
mate solutions of Kusukawa for free-streamline
flow, and Helliwell for unseparated flow. The
former theory is based on the use of Imai’s WKB
approximation (see ref. 16 for a résumé), and the
latter on iniroduction of an assumption used
previously by Cole (ref. 17) and also by Weinstein
in reference 18 (sce ref. 19 for a commientary), that
the sonie line extending from the shoulder of the
wedge is straight and normal to the flow at infinity
upstream.  All of the theories yield very nearly
the same results for the values for (* on the
surface of the wedge at a given value of M,
however.



Numerical results for conditions along the
wall. —Further insight into the nature of flow in
a choked wind tunnel can be gained by considera-
tion of the pressure or local Mach number distribu-
tion along the wall of the test section. The perti-
nent results from two independent investigations
are summarized in figure 5. The line represents

JY - JE— —
—— Arbitrary airfoil, Gudertey
{refs | ond 13)
< Double - wedge Girfoil,'r=J-
~£ ; 10
Cp -4 Morioka (ref. 12)
e 0 H=49
O H=31
o

K - Rtay
[,
=7 /

e
-B_g“ —46» -4 -2 0] 2
x-x
h\/l-Mch

Fiaure 5—Pressure and local Mach number distributions
along the wall of the test section of a choked wind
tunnel.

the values for either C*/C * or (1 —-M)/(1—M )
indicated by the theoretical investigations of
Guderley reported in references 20 and 1.2 Tt is
applicable to any thin airfoil in a large wind tunnel
operating in the choked condition. Tt should be
noted, however, that the theory docs not provide
any correspondingly general relationship for the
values for 1/, or €y, associated with an arbitrary
airfoil, nor any information regarding the location
with respect to the airfoil of the station along the
wall »,* at which sonie velocity occurs.

The symbols represent the values indicated by
the relaxation solutions of Morioka (ref. 12) for
the conditions along the wall of a choked ftest
section for the special case of a 10-percent-thick
double-wedge airfoil. Two sets of results are
shown. One represents the conditions associated
with a test section having such dimensions that the
height-chord ratio H is 4.9, the other that {18 3.1.

2 Attention of those who refer to cither of these references for further details
is called to the fact that the abseissas of the plots eorresponding {o figure 5
should be inereased by a factor of 10,
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ThLe approximate relation of equation (4) has been
uscd in the ealeulation of the choking Mach num-
ber, and the resulting values for the two cases are
0.822 and 0.784 as noted in the preceding scction.
The results are thus comparable with the analytic
results of Guderley except, once again, for the
consequences of the fact that only the leading
terms for large F77'2 are retained in the latter
analysis. Tt can be seen that the general trends
indicated by the two theories are qualitatively
similar, but that quantitative differences of a
systematic nature exist among the three sets of
results. Tt can be seen, in particular, that the
numerical results of Morioka for the large wind
tunnel agree closer with the analytic results of
Guderley than do the numerical results for the
smaller wind tunnel. This trend is very similar
to that indicated for the choking Mach number in
the preceding section, and it is entirely consistent
with the expected properties of the two theories.
The results of Morioka not only essentially
confirm but supplement the more general, bus
less detailed, results of Guderley since the re-
laxation method provides complete information
on conditions throughout the part of the field in
which the flow is subsonic. The location of ecach
of the symbols shown on figure 5 is thus deter-
mined not only with respect to the sonic point
r.*, but also with respeet to the airfoil. They
range from a station 0.07 chord lengths upstream
to a station 1.15 chord lengths downstream of the
leading edge for the case in which 7 is 4.9 and
fron 0.05 to 0.93 chord lengths downstream of the
leading edge for the case in which 7715 3.1. The
downstream station in both cases is, of course,
the sonie point. A result of particular interest is
the rapidity with which the values of '/, and
(1— 2y (1 —My) increase from zero at the sonic
point toward unity associated with conditions
infinitely far upstream. It may be observed, in
particular, that this process is about four-fifths
completed at a point on the wall opposite the
leading edge of the airfoil in cach of the special,
but not untypical, cases considered by Morioka.

COMPARISON OF EXPERIMENTAL AND THEORETICAL
RESULTS

Consideration of the theoretical results sum-
marized in the preceding section leads naturally
to questions concerning the accuracy of the quan-
titative results, the general applicability of the
qualitative results; and most of all, the degree to
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which results of tests conducted in a conventional
solid-wall wind tunnel operating in the choked
condition can be used in the investigation of
essentially unbounded flows with {ree-stream
Mach number 1. Insight into the answers to
these questions is sought in the following discus-
sion by examination of a number of comparisons
of experimental and theoretical results for repre-
sentative airfoils.

Double-wedge airfoil.—Consider first the casc
of a nonlifting symmetrical double-wedge airfoil
in a choked wind tunnel, for which the pertinent
quantitative theorctical results are summarized
in the preceding section.  Figure 6 presents the
results for the pressure distribution on the airfoil
surface for a particular example of such a case in
which a 10-percent-thick airfoil with a 4-inch
chord is mounted on the center line of a test
section of rectangular cross scction having a
height of only 4} inches. This example repre-
sents an extreme case of a relatively large model
in a small wind tunnel, and is useful to consider
here beecause the wall-interference effects  are
displayed in a clear and pronounced manner.

Several sets of results are included on figure 6.
The solid line represents the theoretical pressure
distribution on the surface of a 10-percent-thick
double-wedge airfoil in an unbounded flow with
frecstream Mach number 1, and the broken line
represents the corresponding result for the samo
airfoil in a choked wind tunnel having the relative
dimensions stated in the preceding paragraph.
These pressure distributions are calculated using
the theoretical results of Guderley and Yoshihara
and of Marschner that are summarized in more
general form in equations (12) and (13) and in
figures 3 and 4. These results also lead to a
theoretical value for the choking Mach number
M., of 0.695 for the conditions of this particular
example,

The data points shown in figure 6 represent
experimental values for C,* determined from
tests conducted under choking conditions and
reported by Nelson and Bloetscher in reference 21.
Three sets of points are presented indicating the
results measured with different prossure ratios
across the test section. In each case, however,
the static-pressure measurement on the wall
upstream of the model indicates the same value
for the choking Mach number, namely, 0.70.

The pressure distributions indicate, and the

schlieren photographs given by Nelson and
Bloetscher confirm, that a normal shock wave is
situated about midway along the chord of the rear
wedge when the pressure ratio across the test
section is just sufficient for choking to occur,
Increasing the pressure ratio results in a rearward
movement of the shock wave across the chord,
but almost no change in the pressure distribution
upstream of the shock wave, much as in the very
closely related case of flow in a Laval nozzle. At
the highest pressure ratio, the normal shock wave
has moved downstream of the airfoil and only an
oblique shock remains extending downstream
from the trailing edge. The latter case is more
representative of the situation that arises in the
course of typical wind-tunnel testing in which
the dimensions of the test section are much larger
with respect to those of the model than in the
present example. These observations serve to
call attention to the fact that it is necessary, when
using a choked wind tunnel to simulate un-
bounded flows with free-stream Mach number 1,
to assure that the pressure ratio across the test
section is suflicient not only to assure choking, but
also to foree the shock wave to move either to its
most rearward station or to a station downstream
of the region of interest.

Tt is evident from the theoretical results sum-
marized in the preceding sections that the dimen-
sions of the model in this particular investigation
are too large with respeet to those of the test
scction for ,* measured under choking conditions
to resemble closely the values for (7, in an un-
bounded flow with free-stream Much number 1.
Tt may be observed, however, that the theoretical
and experimental results for both Cp* and M,
in the choked wind tunnel are in essential agree-
ment. Even this agreement is somewhat sur-
prising in view of the fact that the size of the
model relative to the test section and the magni-
tude of the veloeity perturbations, particularly
upstream of the model, appear to be too large to
be compatible with the small disturbance ap-
proximations fundamental to the theory. Tt
should be noted, however, that many similar
cases have been observed previously in the course
of comparison of theoretical and experimental
results for flows that are essentially unbounded
(sec ref. 3 for a résumé).

Tt is of interest, before leaving the present topie,
to compare the results shown in figure 6 with the
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‘orresponding  experimental results given by
{nechtel in reference 22 for the pressure distribu-
ion at Mach number 1 on a 7.87-pereent-thick
louble-wedge airfoil of 5-inch chord in a two-
limensional transonic wind tunnel having perfo-
ated walls with 5-pereent open area.  The dimen-
ions of the cross section of this wind tunnel are 35
oy 12 inches.  The experimental results for this
articular case are shown in figure 7 together with
he corresponding theoretical results of Guderley
nd Yoshihara (ref. 11) for the same airfoil in an
mbounded flow with free-stream Mach number 1,
nd of Marschner (ref. 6) for the same airfoil in
wth a choked solid-wall wind tunnel and in a
onic free jet.  The latter results are given by an
xpression identical to equation (12) except for
he replacement of the coefficient 1.802 by —2.037.
tis to be anticipated that the theoretical pressure
istribution for the airfoil in a transonic wind
unnel with partly open walls would fall some-
‘here between those for the open jet and the
olid wall.  Examination of the results shown on
gure 7 reveals, however, that the cxperimental
ssults differ from the theoretical results for an
nbounded flow by an amount that exceeds the
heoretical amount for an open jet. Although
he discrepancies are reasonably small, when
tewed in terms of uncertainties that usually
revall in transonic wind-tunnel testing, they
1y be significant since they appear to be at least
ualitatively similar to those observed in a large
umber of similar comparisons in reference 9.
b does not appear that all of the differences ecan
e attributed to the wind-tunnel wall interference,
owever, masmuch as the results of tests in a
10ked solid-wall wind tunnel shown in figure 6,
s well as additional comparisons with the experi-
iental data of Licpmann and Bryson given in
ference 23, all display discrepancies of the same
‘neral nature. A possible additional source for
art of the diserepancies may be associated with
mditions in the vieinity of the sharp shoulder of
double-wedge airfoil, where the caleulated results
splay an infinite pressure gradient in violation
" the assumption of small perturbations funda-
ental to the theory, and where viscous effects of
ibstantial magnitude may be expected to occur.
Circular-arc airfoil.—Further insight into the
ree to which the pressure distribution on an
rfoil in a choked solid-wall wind tunnel corre-
onds to that for an unbounded flow with free-

stream Mach number 1 can be gained by examina-
tion of the results presented in figure 8 for a
nonlifting circular-are airfoil. The experimental
results are from measurements reported by
Knechtel in reference 22 of the pressures on a
i-percent-thick airfoil of 6-ineh c¢hord in the 35-
by 12-inch two-dimensional transonic wind tunnel
referred to in the preceding paragraph.  Two sets
of data points are shown on this plot with the axes
displaced from each other for clarity of presenta-
tion.  The lower set of points represent the experi-
mental results obtained with the wind tunnel
operating in the normal manner with the perfora-
tions open and an indicated Mach number of 1 in
the test section.  The upper set of points repre-
sents the experimental data obtained with the
same model in the same wind tunmel, but with the
perforations sealed and the tunnel operating in
the choked condition. The curves represent the
theoretical pressure distribution indicated by an
approximate solution of the equations of transonic
flow theory given in reference 23 for unbounded
flow with frec-stream Mach number 1 past a
6-pereent-thick  ecircular-are  airfoil. The  two
curves represent the identical results for the two
coordinate systems, and serve as convenient refer-
ence lines in the comparison of the two sets of
experimental data.

It can be seen that the various results included
in figure 8 are in substantial agreement, although
certain systematic differences are clearly visible.
The differences are small, however, and it is
difficult, in view of the approximate nature of the
theoretical results and the undoubted presence of
interference effects in the experimental results to
form any definite conclusions regarding the rela-
tive merits of the three sets of results. It may,
nevertheless, be of signifieance to note that a
major part of the differences is consistent with
propertics of both the experimental and theoretical
results that have been observed previously in other
connections. Tt may be noted, for instance, that
the experimental results from the tests with the
perforations open indicate values for €, that are
slightly more negative at nearly all points along
the chord than those from the tests with the
perforations closed and the tunnel operating in
the choked condition. The difference is quali-
tatively consistent with the theoretical results of
Marschner for the double-wedge airfoil, with the
theoretical expression given in reference 4 for wall-
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interference cffeets for transonic wind tunnels with
porous or perforated walls, and with the general
observation that most transonic wind tunnels seem
to exhibit wall-interference effects at Mach num-
ber T that more or less resemble those of sonie jets.
These considerations suggest that the values for
(', for an unbounded flow with free-stream Mach
number 1 are somewhere intermediate between the
two scts of experimental results shown in figure 8,
and are thus slightly greater in magnitude over
the rear part of the airfoil than the values indicated
by the approximate theory of reference 23, Such
a conclusion is consistent with the observed prop-
ertics of an approximate solution calculated by the
method of reference 23 for an airfoil only slightly
different from a 6-percent-thick circular-are airfoil
that is presented in reference 3 together with the
corresponding results for the same airfoil calculated
by Nocilla (ref. 24) wusing the more accurale
mathematical model for transonie flow proposed
by Tomotika and Tamada in reference 25. Con-
sideration of these and similar observations leads
to the tentative conclusion that the results from
the choked wind tunnel are perhaps as close to the
desired results for an unbounded flow with free-
stream Mach number 1 as any of the three sets of
results shown in figure 8.

NACA 64A008 airfeil..—A sct of experimental
results illustrating the effect of the relative size
of the model and the test section on the pressure
distribution measured in a choked wind tunnel is
presented in figure 9. These results, which are
obtained from reference 26 by Larson and Siren-
sén, are for two-dimensional flow past a nonlifting
NACA 64A008 airfoil of 80-millimeter chord, and
the tests were conducted in five alternate test
scections inserted as limers within the larger test
section of a single wind tunnel. One of the liners
has slotted walls with 2-percent open area, so that
the test section simulates that of a transonic wind
tunnel having dimensions 274 by 78 millimeters.
The data from the measurements made in this
test section at an indicated Nach number of 1 are
represented by circles in the lower part of figure 9.
The other liners had solid walls, and the remainder
of the data shown in figure 9 was obtained with
the tunnel operating in the choked condition. The
dimensions of the largest of the four test sections
with solid walls, for which the results are indi-
cated by squares in both the upper and lower parts
of figure 9, are the same as these of the slotted

test section.  The other test sections are all of the
same width, 78 millimeters, but the inserts were
installed so that the height was reduced to”210,
150, and 119 millimeters.  Larson and Sérensén
were concerned primarily with a study of the
effects of the wall boundary layers, and presented
many results in reference 26 for cases in which the
thickness of the boundary layers on the liners
with solid walls were artifically increased. Al-
though the effects on the pressures on the airfoil
surface were generully found to be very small,
only those measurements obtained with the thin-
nest boundary layers for each wall configuration
are used in the present paper. No theoretical
pressure distribution for an NACA 64A008 airfoil
in cither bounded or unbounded flow with free-
stream Mach number 1 is available at the present
time for inclusion with the experimental results
of figure 9.

It can be scen from an examination of the data
shown in figure 9 that the results from the tests in
the largest test section with solid walls are almost
identical with those from the tests in the slotted
test section, and that the results in the smaller
test sections deviate a small, but significant
amount from those in the larger test scctions.
Tt 1s interesting to observe that the differences
between the results measured in the various test
sections with solid walls are in almost perfect
agreement with the predictions of the similarity
rule given by equation (8), which states that the
difference between the results measured in the
150 and the 210 millimeter test sections should be
very nearly equal to the difference between the
results measured in the 119 and 150 millimeter
test sections, and that the difference between the
results measured in the 210 and 274 millimeter
test sections should be about three-fifths of the
same quantity.

These same considerations indicate that the
results from the 274 millimeter test section are
not entirely free of significant wind-tunnel wall
interference, and that the interference-free pres-
sure distribution should be indicated in figure 9
by a curve displaced in the upward direction from
the data points for the 274 millimeter test section
by an amount that is very nearly equal to the
difference between the results for the 274 and
150 millimeter test sections, The application of
such a correction would, of course, destroy to a
slight degree the nearly perfect agreement that
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exists in figure 9 between the pressure distributions
measurcd in the largest test section with solid
walls and in the test seetion with slotted walls.
Tt is important to realize, however, that the results
in the slotted test section should not be taken as a
definite standard for unbounded flow with free-
stream Mach number 1, since they too are influ-
enced by wind-tunnel wall interference that
depends not only on the relative dimensions of the
model and the test section, but also on the details
of the design and construction of the partly open
walls. This matter may be of particular signifi-
cance in the present case, since the ratio of open to
closed area is only 0.02 for the test section in which
the data of figure 9 were measured, whereas that of
most transonmic wind tunnels is considerably
greater.

Larson and Sorensén also include data in refer-
cnee 26 for the pressure distribution on the same
NACA 64A008 airfoil measured in slotted test
sections of various heights having ratios of open
to closed area of 0.02, 0.04, and 0.08. The results
for the largest test seetions, all of which have a
height of 274 millimeters, are shown in figure 10.
It can be seen that the pressure distributions
change in a systematic manner with the ratio of
open to closed area and that the values for Cp*
become more negative over most of the airfoil
as this ratio is inereased. Such a behavior is con-
sistent with the known theoretical and experi-
mental results for a sonic jet, which corresponds
to the limiting case of a transonic wind tunnel
with completely open walls,

The example given in the preceding paragraph
Mustrates the uncertainty that prevails in pre-
cision testing in transonic wind tunmnels with
partly open walls. Tt is of interest, before leaving
this topic, to present additional experimental
results from reference 26 to show some of the diffi-
culties that arise in even the detection of the
presence of significant wall interference in such
wind tunnels. The results are presented in three
sets with displaced axes in figure 11.  Iach set of
results represents data obtained with a single
model and with a single ratio of open to closed
area, but with test sections of different height. It
can be seen that the pressure distributions meas-
ured on the forward part of the airfoil in test
sections of different size but of a single ratio of
open to closed area tend to be in agreement,
but that the results obtained in test scctions

of different ratio of open to closed area differ
significantly from each other. This observation,
togethier with the fact that the pressures on the
forward part of an airfoil at free-stream Mach
number 1 are independent of the shape of the rear
part of the airfoil over a wide range of variations,
clearly llustrates the important effeets associated
with the details of the construction of the walls of
the test section of a transonic wind tunnel. It is
also apparent that these cffects may be of suffi-
cient significance to introduce difficulties in the
experimental assessment of the magnitude of wall-
interference cffeets in transonic wind tunnels by
the usual method of testing different size models
in a single test section. It can also be seen that
the pressure distributions measured on the rear
part of the airfoil vary appreciably as both the
dimensions of the test section and the ratio of open
to closed area are changed, and that the pressures
become more positive, in general, as the size of the
test section is reduced and as the ratio of open to
closed area is increased. The effects observed
with the smaller and more open test scctions are
probably associated with wave reflection phenom-
ena in which expansion waves emanating from the
forward part of the airfoil are not perfectly can-
celed by the slotted wall, but arc reflected back to
the model as compression waves, more or less as
from the boundaries of an open jet. The relative
magnitudes of the incident and reflected waves
depend, of course, on the details of the geometry
of the walls. The nature of the resulting inter-
ference effects on the pressure distribution is quite
different from that experienced on the forward
part of the airfoil, however, and the apparent
attainment of small interference effects on one
part of the airfoil is no guarantee that interference
effects are small on other parts.

The choking Mach number is also a quantity
of interest, and Larson and Sérensén give the
measured values for each of the cases for which
the pressure distribution is shown in figure 9.
They are 0.892, 0.873, 0.846, and 0.823, with the
value for the largest test section listed first.
These results are shown in figure 12 in terms of
a plot of 1—2M,, versus the two-fifths power of
the chord-height ratio, as suggested by the tran-
sonic similarity rule given by equation (9). The
results should form a straight line through the
origin. It can be seen that the four experimental
points do, in fact, determine a reasonably straight
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Frcure 12, -Varialion of choking Mach number with
the two-fifths power of the chord-height ratio for an
NACA 64A008 airfoil.

line, but that its extension does not pass through
the origin. The reason for this discrepancy is
not known, but it is probably significant that
additional results given in reference 26 indicate
that the choking Mach number is influenced to
a substuntial degree by the thickness of the bound-
ary layer, and that the choking Mach number
decreases in each of the test sections as the
boundury-layer thickness is increased.

ADDITIONAL REMARKS FOR TWCO-DIMENSIONAL FLOW

Tt is possible to utilize results available in
scattered publications to provide several addi-
tional examples in which two-dimensional experi-
mental rtesults from  solid-wall wind tunnels
operating in the choked condition are compared
with those from transonic wind tunncls with
partly open walls. TInterference effects of the
wave reflection type are seldom of significance
in two-dimensional tests involving models and
test sections of the usual proportions, and it is
found that the agreement between the results is
generally about the same as that illustrated
the preceding examples provided, of course, that
sufficient power is applied in the choked wind
tunnel to force the shock wave to either its most
downstream position or to a position downstream
of the region of interest. A set of results that
illustrates the magnitude of the effects that may
be encountered when insufficient power is applied

in tests more typieal of customary wind-tunnel
practice than those deseribed in connection with
figure 6 is presented in figure 13. These results
are from reference 26 by TLarson and Sorensén
and represent once again the values for ,*
measured on the surface of an NACA 644008
airfoil of 80 millimeter chord in a lest section
having a height of 274 millimeters. All of the
measurements are from tests conducted with the
test section operating in a nominally choked
condition, but the indicated choking Mach
number varies through a range extending from
0.870 to 0.8902, It is evident from these results,
and also from the corresponding results for the
double-wedge airfoil given in figure 6, that the
use of a choked solid-wall wind tunnel to simulate
unbounded flow with free-stream Mach number
1 may require the application of power somewhat
in excess of that sufficient for the bare attainment
of choked flow in the test section.

Results from a choked wind tunnel can some-
times be used to determine the pressure distribu-
tion on the entire airfoil even when sufficient
power is not available by disearding the measured
pressure distribution over the rear part of the
chord and replacing it by a ecalculated pressure
distribution determined by application of simple
wave theory. Such a calculation can be based on
the exaet relations from the Prandtl-Meyer solu-
tion for flow around a corner, but it is frequently
more convenient and almost as accurate to use
the following approximate relation derived in
reference 23 from the corresponding solution of the
equations of the small disturbance theory of
transonic flow:

273
”p*:"ml—w{[

-3 [Y’(f) Y X}}m (14)

(:Y+ 1 )1/'3(" *( X')]'!/Z

27478

where Y refers to dY/dr, Xrefers to the coordinate
x of the station at which the calculated and meas-
ured results are joined, and ,*(X) and ¥/(X)
refer to the values for Cp,* and Y at .X.  As noted
in referenee 23, the pressures computed over the
rear parl of the airfoil with either the exact or
approximate expressions for simple wave theory
tend to be somewhat too negative because the
influence of the fumily of incoming compression
waves arising from the sonic line is disregarded.



17

"TI0JAIB 80OVFHY VOV N us Ioj “n

WOIYI0) unssard ayy Jo surrs) ut passerdxe pus jauuny "FUR{OYO 1BIU SI3QUWINU [YIBIY [BIIAIS

MBER 1

OF FLOW WITH FREE STREAM MACH N

SIMULATION

PUIA OIUOSUBIY B Ul PUB [9UUNY PULM PIYOYI B Ul pans
~ROW SUONNQLISIP danssaad Jo uosuredwio)— T dUADIY

1B [oUUN} PUIM [[eA-DI[OS ¥ U [IOHIE 800VFY VOVN
Uy I0] SUONNQLI}SIP dnssald reiuswinedxry—-¢y daan1y

orx LY
Ol & 8 i o S % ¢ 2 | 0 o] 6 g L 9 g 14 € 4 O..
T T S T T T ! S
i | !
T N A
| | | |
: ,‘ v 4 o8 & k4
i ! ! ' ! , GBR @ |
268 =D t1iom pauoIs © — | 068’ ©
268 =¥yt jeuun; putm pantq) O ; ¢ a _” : 168" D
1=®y ‘DM paLIoIS © 8 . °©
| ; il P
1 ! _ ¢
, !
, | o
T ° r
_ , o ¢
o
o]
T ooo | 8
i L N -
T 7o) -] |
i | [} |
o © Tmm ?
© -
i o C, i 00-.-8 <
00 : , a%ﬁu
W | o J O,On.r | ¢~
i o] ‘ o ! o :
; 0 | v
m : L 0%g o | ° (92 30u)4uswpiedxg
| ! o|® 00 p B : v'vw db\x
i , o— & - 0 : =4 '18uuN} pu) —qv-
e ae " P . Qoo‘o\ob\q 08/b42 =+ '|8uun puim payouy
% 6l6 60 0|50 0 . ; 000002 b 1104410 BOOVH9 VOVN
¢ 4 W ———t——+—"1 ! 1 ! _ :
f TE f G- G-
© Lo D_ | ”
00 P |
o] ; | o
o : ! . °
. _u_u ' {92 484} juswiiedx]
8]
DoEB, | L ,
i oo ole-O-0— / 08/bi2=H — L~
i _ 1104410 BOOYHY VOVN
| , ; | _ H 8-




18 TECHNICAL REPORT R—73—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

The error is small in most cases, however, since the
caleulated results are applied to only a relatively
small region near the trailing edge. An example
of the results obtained by application of this pro-
cedure for the computation of the pressure distri-
bution on the rear part of an airfoil is provided by
the dashed line in figure 13. These results have
been computed using equation (14) together with
the experimental value shown in figure 13 for
C,*(X) at the midpoint of the airfoil at the largest
choking Mach number. It can be seen that the
results computed by this simple procedure are in
relatively good agreement with the experimental
pressure distribution observed at the largest chok-
ing Mach number, which has, in turn, been shown
to be a good approximation for the pressure dis-
tribution on an NACA 64A008 airfoil in an un-
bounded flow with free-stream Mach number 1.

Tt should be emphasized before closing this dis-
cussion that the attainment of agreement between
pressure distributions on an airfoil and a choked
wind tunnel and in an unbounded flow with free-
stream Muach number 1 requires that the wind-
tunnel data be presented in terms of €%, or some
other quantity such as the local Mach number or
the ratio of static pressure to stagnation pressure,
that does not involve the use of the statie pressure
measured upstream of the model as a reference
pressure.  This requirement exeludes, in particu-
lar, the use of the ordinary pressure coeflicient
(, that is conventionally employed for the presen-
tation of most wind-tunnel data. TFigure 14 has
been included to illustrate the nature of the com-
parisons that are observed between the results
shown in the lower part of figure 9 for the solid
and slotted test sections 274 millimeters in height
when the pressure distributions are represented in
terms of 7,. It can be seen that the two sets of
results are displaced from ecach other by an amount
that is nearly constant across the chord, and that
the agreement which is observed in figure 9 when
the two sets of results are presented in terms of
C,* no longer exists. A third set of results from
relerence 26 are included on figure 14 representing
the values for €, measured in the slotted test sec-
tion at an indicated Mach number of 0.802. It
can be seen that these results also differ substan-
tially from those measured in the choked test
section at the same indicated Mach number, as
might be expected in view of the well-known con-
clusion that results obtained in a choked wind

tunnel are not only quantitatively, but qualita-
tively, different from those in an unbounded flow
with free-stream Mach number equal to the chok-
ing Mach number.

AXISYMMETRIC FLOW

The case of axisymmetric flow around a slender
pointed body of revolution of arbitrary shape is
considered next.  Although this ease, which repre-
sents the simplest example of flow past a three-
dimensional body, is of considerable interest in
its own right, it possesses an importance in the
study of transonic flow that considerably exceeds
that which is normally associated with axisym-
metric flow. The reason is that the transonic
equivalence rule (see ref. 3 for a résumé) relates
the solution for three-dimensional flow around a
slender body of arbitrary cross section to the solu-
tion {or the simple problem of axisymmetric flow
around an “equivalent” nonlifting body of revolu-
tion having the same longitudinal distribution of
cross-section area.

SUMMARY OF PRINCIPAL THEORETICAL RESULTS

Constder axisymmetric flow ol an inviscid com-
pressible fluid past a slender body of revolution of
Tength { and maximum diameter ¢ placed as shown
in figure 15 on the center line of a circular test see-
tion of diameter D having solid walls and operating

M =1

RN NN ~

Frgrre 15. -View of body of revolution, coordinate
system, and principal dimensions.

in the choked eondition. It is considered, just as
in the preceding discussion of two-dimensional
flow, that the diameter of the test section is sufli
ciently great that the choking Mach number is
near unity, and the solution is developed in terms
of deviations from conditions associated with a
uniform flow with sonic veloeity. Retention of
only the leading terms in such a development leads
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once again to the nonlinear equations of the small
disturbance theory of nearly sonic axisymmetric
flow. The principal equations of this theory are
summarized below in terms of a eylindrical coordi-
nate system oriented in such a way that the posi-
tive r axis extends in the downstream direction
along the center line of the wind tunnel. The dis-
cussion of these equations and of some of the more
pertinent results is organized in a manmer that
parallels that employed in the preceding section
on iwo-dimensional flow, but is presented more
briefly so as lo climinate unnecessary duplication
and to focus attention more clearly upon the dif-
ferences between axisymmetric and two-dimen-
sional flows.

Basic equations.—Let U and V, represent the
components of the velocity parallel to the z and
axes, and define the perturbation velocity compo-
nents # and #, in such a way that U=ae*+u and
V,=v,. The quantitics # and », can be expressed
in terms of the gradient of a perturbation potential
¢ that satisfies the following nonlinear partial
differential equation:

7 + N7 T @rPrr ( 1 5)

The boundary conditions for axisymmetrie flow
past a body in a choked wind tunnel are physically
the same as those stated verbally in the preceding
discussion of two-dimnensional flow, but certain
differenees in nomenclature aud in the behavior of
the solution in the vicinity of the body make it
necessary to rewrite the mathematical expressions
for some of these conditions. The boundary con-
ditions at the wind-tunnel wall and at the body
that are given for two-dimensional flow by equa-
tions (2) and (3) are thus replaced by the following
pair of expressions:

(‘Pr)r=D12:0 (16)
diR a*dS ”
(780r)r =a*R dfl) 9 dr (17

where R(r) and S(x) represent, respectively, the
ordinates and cross-section area of the body. Ttis
not necessary, on the other hand, to change the
mathematical expression for the boundary condi-
tion represented by equation (4), and this relation
applies equally to two- and three-dimensional
flows. The expressions that relate the velocity

and the two pressure cocflicients (;* and (7, for
axisymmetric flow are also somewhat different
from the corresponding cxpressions for two-
dimensional flow given by equation (5), and are
as follows:

C *,__g‘f_f_<(lp> (1 2[9’: ~(pe)r=—

et =] <(¢Ilf)
(18)

Similarity rule. —The equations for axisymmetric
transonic flow enumerated above contain a similar-
ity rule that relates the flow fields associated with
families of bodies of affinely related geometry in
choked wind tunnels of arbitrary size. Various
members of such a family of bodies may be of
different length 7 and thickness ratio 7, but all
must have ordinates given by an expression of the
form Rjl=rf(x/l) where the thickness ratio must
be small but is otherwise arbitrary, and the thick-
ness distribution funetion f(x/l) must be the same
for all members of the family. TIf the subseripts 1
and 2 refer to two different members of a given
family, the similarity rule states that the pressure
cocfficients at corresponding points defined by
given values for /I and 7/l are related according
to

de

C,x O,
D;_: »1 (19)

T, 2

provided the diameters of the two wind tunnels are
related in accordance with the following expression:

7252 = Tlf)l (10)

where D refers to the ratio DfI of the tunnel
diameter to body length. The similarity rule
also indicates the following relation between the
choking Mach numbers for the two flows:

]—ﬂ[mz l—ﬂfchl
2 = 2 : (21)

The similarity rule given above cannot be used
dircetly to relate the surface pressures on bodies
having different thickness ratios because the
ordinates of related bodies do not conform with
the relationship for corresponding points. Thus
the » coordinate of a point in the vicinity of body
2 that corresponds to a point on the surface of

body 1 is given by
2=(2) 22)
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Oswatitsch and Berndt have shown in reference
27 that a similarity rule can be established for
the surface pressures on affinely related bodies of
revolution in unbounded flow if it is assumed that
the longitudinal perturbation velocity component
% 18 given by an expression of the form

* 72
:‘;—,, %’,—E In r+g(r) (23)

in the vicinity of the body. This relation permits
the calculation of the difference in pressure be-
tween the point 7, and the surface of body 2.
Application of the same relation to the case of
axisymmetric flow in a choked wind tunnel leads
to the following similarity rule for the surface

pressures:
9
*_( ) ((',, *+“{];§ :-‘) (24)

provided still that the dimensions of the bodies
amd wind tunnels are related in accordunce with
equation (20). This rule ecan be expressed n
functional form similur to that given by equation
(6) for two-dimensional flow, in which ecase the
appropriate expressions for the pressure coeflicient
and the choking Mach number are as follows:

O (2/) ((1 Sfda®) In 7

5 (D />

Yo r @) 26)

Further insight into the interference effects
in a choked wind tunnel within the region upstream
of that influenced by wave reflection can be had in
axisymmetric flow, just as in two-dimensional
flow, if one considers the asymptotic behavior of
the flow at great distances from the body. Guder-
ley has examined this aspect of the present problem
in references 1 and 28, and has shown that the
deviation AC,* of the values for C,* from the
corresponding  values ((,*)y__, for the same
body in an unbounded flow with free-stream Mach
number 1 is proportional to (1—M,)¥* and in-
versely proportional to /I’ where I is some length
characteristic of the length of the part of the body
that can influence the subsonic part of the flow.
Combination of this result and the similarity rule
leads to the following pair of relations for AC,* and
M, for a family of affinely related bodies:

ATIONAL AERONAUTICS AND SPACE ADMINISTRATION

ACHE P

2 (l) D)™ (27)
1»31’(, Const
T )" (28)

Equations (27) and (28) lead to a series of
statements regarding the conditions under which
a choked wind tunnel is useful for the simulation
of an unbounded axisymmetric flow with free-
stream Mach number 1. These statements are
qualitutively similar to those given for two-
dimensional flow following equations (8) and (9),
but differ quantitatively with respect to the
powers to which the various quantities appear
in the results. One thus observes that the inter-
ference cffects on the pressure distribution, as
signifiecd by the wvalues for AC*, are inversely
proportional to the 10/7 power of the ratio D/l of
the diameter of the wind tunnel to the length of
the body, and proportional to the 4/7 power of
the thickness ratio, from which it follows that smal-
ler errors result when smaller models are tested,
and that the magnitude of the interference effects
is smaller for thin bodies than for thick bodies.
The quantity ((*%)s_ - that is intended to be
simulated is of the order of 72, however, and the
result emerges that the relutive error (AC*)/
(%) ar -1 18 inversely proportional to 797, and is
henee once again larger for thin bodies than for
thick bodies.  As in the ecase of two-dimensional
ftow, equations (27) and (28) indicate that the
choking Mach number depends on a different
combination 7 and = than does (AR (O 3 =1y

from which it follows that the quality of the simu-
Iation of a three-dimensional, as well as two-
dimensional, flow in a choked wind tunnel cannot
be judged by the nearness to unity of the choking
Mach number.

Although the distinction between 77 and [ has
been dropped in writing the above relutions, since
the ratio of the two quantities is a constant for all
members of an affinely related family of bodies,
it should be noted just as in the case of two-
dimensional flow that the total length and maxi-
mum thickness of the body are not the significant
lengths associated with the wind-tunnel inter-
ference in a choked wind tunnel. Tt follows once
again, from the fact that the dimensions of signifi-
cance are those associated with the part of the body
that can influence the subsonic part of the flow
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field, that interference effects at Mach number 1
on a family of nonaffinely related smooth bodies
of given length and thickness increase as the point
of maximum thickness is moved rearward across
the length.

Application to unbounded flow with free-stream
Mach number 1. --The relations for axisymmetric
flow in a choked wind tunnel given in the preceding
sections reduce to the appropriate forms for un-
bounded flow with free-stream Mach number 1 as
the diameter of the test scction is increased to
infinity. TIn such a case, the quantity D7 grows
beyond all bounds for a body of given geometry,
and disappears as a significant parameter in the
description of the flow. Although the resulting
equations appear {o be the simplest set of relutions
capable of describing axisymmetrie transonic flows,
the difficulties of solution are even greater than
those associated with the equations for {wo-dimen-
sional transonic flow, and no exact, or essentially
exact, solutions exist for flow around a complete
body at free-stream Mach number 1. One of the
fundamental differences with the two-dimensional
case is that the governing equations are not lin-
carized by application of the hodograph trans-
formation, and the difficulties associated with
both the nonlinear character and the mixed type
of the equations must be faced simultaneously.
Inasmuch as the mathematical theory of such
equations is still in a rather early state of develop-
ment and methods have not yet been discovered
for the exact solution of sueh equations, it is neces-
sary lo turn to approximate methods for the
solution of practical problems. Several such
approximate methods have been proposed in
recent years for the solution of axisymmetric flow
problems with frec-stream Mach number 1. Of
these, the most suceessful and also the most versa-
tile method is thut deseribed briefly in references 3
and 29, and more completely in reference 30.  The
latter reference also includes brief reviews of many
of the other approximate methods together with
extensive comparisons ol theoretical and experi-
mental results for a variety of bodies. Most of
the theoretical results to be presented in the
remainder of this paper are cither drawn directly
from the latter reference or are new results cal-
culated by application of the same procedures.

Application to flow in a choked wind tunnel. —
Attention is ealled to the fact that all of the
theoretical pressure distributions for bodies of

revolution given in this paper are for unbounded
axisymmetrie flow with free-stream Mach number
1. No solutions, either exact or approximate, are
presently available for the pressure distribution on
a body of revolution in a choked wind tunnel.
Tt is consequently not possible to employ purely
theoretical considerations at the present time to
determine quantitative imformation regarding the
numerical magnitude of interference effects in
axisymmetrie flow m a choked wind tunnel.  The
magnitude of these effeets is therefore investigated
in the following discussion by comparison of
theoretical results for an unbounded flow with
free-stream Mach number 1 with experimental
results measured both in choked wind tunnels and
in conventional transonic wind tunnels having
cither slotted or perforated walls.

COMPARISON OF EXPERTMENTAL AND THEORETICAL
RESULTS

Tt may be recalled that all of the experimental
data presented in the preceding discussion of
two-dimensional flows are obtained from the
existing body of published literature.  Although
there is a great abundance of such data, and also
a growing supply of data from transonic wind
tunnels with partly open walls that provides
imformation on the pressures on bodies of revolu-
tion at Mach number 1, there is very little pub-
lished data that presents the corresponding re-
sults for axisymmetric flows that are measured
under choking conditions in wind tunnels with
solid walls. Tt has been necessary, therefore, to
conduct a series of tests for the express purpose
ol acquiring such data. This has been done in
the 12-Foot Pressure Wind Tunnel al Ames
Research Center.  The test section of this wind
tunnel is essentially cireular in cross section, with
a diameter of 12 feet.  The models were mounted
in the test section on sting-type model supports
that extend along the center line of the wind
tunnel, and were tested at zero angle of attack
with a tunnel stagnation pressure of about 5%
pounds per square inch absolute. Most of the
models were not new, but were existing models
available from previous tests in transonic wind
tunnels at Ames Research Center.  The models
were repolished before testing, and a new set of
orifices was installed in one of the models. Each
of the models had two rows ol static-pressure
orifices located on opposite sides that extended
from mnose to base. Multiple-tube manometers
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using water or tetrabromoethane (specific gravity
=2.95) were photographed to record the pressure
data. Static pressures were also measured simul-
tancously at several stations along the wall of the
test section to insure that the region of supersonic
flow extended to the wall and that the tunnel was
choked.

Cone-cylinder. Consider first the case of a
slender cone-cylinder. Figure 16 is a plot of the
results of pressure-distribution measurements on
two conc-cylinders. Both have a semiapex angle
of 7°, but the diameter of one of the models is
1.35 inches and that of the other is 4.7 inches.
Although the two sets of results are clearly dis-
tinguishable, the differences are relatively small.

d
o]
04 -
Cone -cylinder body
cp' Choked wind tunnel
T=245,0=12 :
c8 E x
. —4 o
g Theory,
unbounded flow, Mg =1
: Refs.3 and 30
L~ . — — Ref 3i
. Experiment
© J=1.35"
0 d=470"
Flogs denote lower surface
i I, o1 -
4 6 8 10
1

Fisuvre 16 Comparison of pressure distributions mea-
sured on two different cone-eylinders in a choked wind
tunnel and two theoretical pressure distributions for
unbounded flow with free-stream Mach number 1.

Consideration of this fact together with the re-
sults indicated by equation (27), that the inter-
ference effects on the smaller model should be
only about 1/6 of those of the larger model, leads
to the conclusion that the pressure distributions
measured in these tests should be very nearly
that associated with umbounded flow with free-
stream Mach number 1. The solid line included
in figure 16 indicates the theoretical pressure dis-
tribution given in references 3 and 30 for a 7°

cone-cylinder in such a flow. It can be seen that
the pressure distribution indicated by the theo-
retical curve is similar in form to that indieated by
the experimental data, although displaced some-
what. The reason for this diserepancy is not
known, but it may be significant to note that the
nature of the discrepaney is similar in many
respects to that observed in figure 7 for the
front face of the double-wedge airfoil. Tt is
again quite conceivable that conditions associated
with the viemity of the sharp shoulder may be
responsible for a major part of the differences.
Alse included in this figure is a plot of the pressure
distribution indicated by the numerical approxi-
mate solution of Yoshihara (ref. 31)* for a cone-
cylinder with a semiapex angle of 1/10 radian
transformed so as to be appropriate for a 7° cone
by application of the similarity rule given by
equation (24). It is evident that this result does
not agree, even in form, with the other results
shown in figure 16.

The results shown in figure 16 for the 7° cone-
eylinder have an interest that exceeds that which
would normally be associated with a particular
body, since Page has shown ‘in reference 2 that
interference cffects of surprisingly large magnitude
are observed on the pressure distribution on such
a body at Mach number 1 in tests in transonic
wind tunnels with perforated walls.  The smaller
of the two cone-cylinders for which data are
presented in figure 16 was tested by Page in two
transonic wind tunnels of widely different size,
namely, the Ames 2- by 2-Foot and 14-Foot
Transonic Wind Tunnels.  An interesting feature
of these wind tunnels is that the smaller is the
pilot model for the larger and that the dimensions
of the teslt sections, which are square in cross
section, and the construction of the perforated
walls are very closely scaled with regard toboth
the proportion (5.4 percent) and distribution of
the open and closed parts of the walls of the test
section.  The results of the tests are presented in
figure 17 together with the two theoretical curves
from figure 16. The experimental results meas-
ured in the two transonic wind tunnels are clearly
different from cach other and also from both of
the theoretical results.  Tn addition to the experi-
mental results, Page presented the results of an
approximate analysis of the interference effects

1 A correetion hus been applied to Yoshihara’s results to allow for a sign
error in the quadratic term of the expression for ('p.
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Ficurr 17.—Comparison of pressure distributions mea-
sured on a cone-eylinder in two different transonie wind
tunnels and two theorctical pressure distributions for
unbounded flow with free-stream Mach number 1.

at Mach number 1 in a transonic wind tunncl
with porous or perforated walls. This analysis,
which is patterned after a similar analysis for a
transonic wind tunnel with slotted walls given by
Berndt is reference 32, indicates that substantial
interference effects oceur in not only the results
obtained in the smaller wind tunnels but also those
obtained in the larger wind tunnel. It was shown
further, in reference 2, that the corrected data
from both tunnels are in very good agreement with
each other over the rear half of the cone, but not
over the front part. It was subsequentlyshown
in reference 30 that application of Page’s corree-
tion theory leads to a substantial improvement in
the agreement with the theoretical pressure dis-
tribution developed in the same paper. The
differences apparent among the various results
over the front part of the cone are highlighted
even more by these comparisons, however, and it
was subsequently suggested in references 3 and 4
that the correction theory given by Page may not
be entirely satisfactory. The various results
shown in figures 16 and 17 tend to support this
conjecture, and suggest furthermore that the
interference effeets on the results for the small
conc in figure 16 and for the large wind tunnel in

figure 17 are very small.  Such a conclusion seems
to be very reasonable in view of the unusually
small size of the model relative to the test sections.,
Tt does Ieave a certain diserepancy between the
best experimental and  theoretical results un-
resolved, however, but it is quite possible that this
may be associated with the conditions associated
with the vicinity of the sharp shoulder as suggested
in the preceding paragraph.

Parabolic-arc body.—The case of a paraboelic-
arc body of revolution represents an example of
considerable interest because of the abundance of
experimental and theoretical vesults.  The results
for the pressure distribution on the surface of
several such bodies with thickness ratios that vary
from 1/6 to 1/14 are presented in figures 18 through
21. 'These data represent not only the results of
measurements in a choked wind tunnel with solid
walls, but also the results of tests in a variety of
transonic wind tunnels with both slotted and
perforated walls. The results included in each
of the figures are divided into two or three sets
and for clarity of presentation are shown with
displaced axes. Also included in ecach of these
figures is the corresponding theoretical pressure
distribution given in reference 30 for unbounded
flow with free-stream Mach number 1. The
curves representing the theoretical results are
repeated for each of the axes on cach of the figures
so as to provide reference lines with which the
various experimental results may be compared.
Tt should be noted, however, that the theoretical
results refer to pressure distributions on complete
parabolic-arc bodies, whereas the experimental
results refer to the pressure distributions measured
on ftruncated parabolic-are bodies mounted on
eylindrical supports that extend downstream from
the base of the model. The model supports,
morcover, are mnot geometrically similar with
respect to the bodies in the various {ests, but are
as indicated by the drawings along the axes used
for the presentation of the corresponding experi-
mental results.  Although some effects of the
model support would be expected to extend
forward of the immediate vicinity of the base of
the model, it is anticipated that these effects are
small, and that the various results are comparable
over nearly the full length of the experimental
bodies.

The results for the parabolic-arc body of thick-
ness ratio 1/6 are shown in three parts in figure 18.



24 TECHNICAL REPORT R—73—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
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Ficrre 18. -—FExperimental und theoretieal pressure distributions for parabolic-are bodies of thickness ratio 1/6.
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The experimental data presented in the upper part
of this figure refer to the results obtained under
choking conditions in the Ames 12-Foot Pressure
Wind Tunnel for a body with a maximum diameter
of 10 inches. The experimental data presented
in the middle part of this figure refer to measure-
ments made by Dannenberg at an indicated Mach
number of 1 in the Ames 14-Foot Transonic Wind
Tunnel with the same model as was used in the
tests in the choked wind tunnel. The experi-
mental data presented in the lower part of figure
18 are from reference 33 and refer to the results of
measurements made by Drougge in transonic wind
tunnels with two slotted walls using a body with
a maximum diameter of 242 centimeters.  Two
sets of data are included in this part of the figure.
They represent the results obtained in two differ-
ent wind tunnels, the test sections of which
measure 90 by 90 centimeters and 45 by 48
centimeters.

Tt ean be seen that the experimental results
from the choked wind tunnel are in good agreement
with the theoretical results for unbounded flow
with free-stream Mach number 1. All of the
results are in essential agreement with regard to
the general nature of the pressure distribution on
a parabolic-arc body of revolution at Mach number
1, but significant quantitative differences exist
among the results of measurements in the various
wind tunnels. As in the case of two-dimensional
flow, the results from the transonic wind tunnels
indicate values for the pressure coefficient that
are slightly more negative than those from the
choked wind tunnel.  Of the various results from
the transonic wind tunnels, those from the 90-
by 90-centimeter wind tunnel would normally be
expected to be most nearly interference-free since
the dimensions of the model are substantially
smaller relative to the dimensions of the test
seetion than for any of the other models for which
data are shown in figure 18. This fact, together
with the observation that the data from the 90- by
90-centimeter wind tunnel are in better agreement
with the theoretical results than are the data from
the 14-Foot Transonic Wind Tunnel, leads to the
conclusion that the theoretical pressure distribu-
tion indicated in figure 18, and hence also the
experimental results measured in the choked wind
tunnel, are very good approximations for the
prossure distribution on a parabolic-arc body of

revolution of thickness ratio 1/6 in an unbounded
flow with free-stream Mach number 1.

The results shown in figure 18 have also been
discussed from the point of view of an analysis of
interference effects in transonic wind tunnels in
references 3 and 4 where it is shown that applica-
tion of Page’s correction formula leads to a sub-
stantial improvement in the agreement among the
results from the various transonic wind tunnels.
Tt is also shown in these references, however, that
the predictions indicated by the correction formula
are not entirely satisfactory. The cvaluation of
proposed methods and the development of new
methods for the prediction of interference effects
in transonic wind tunnels is a subject somewhat
apart from the principal goal of the present in-
vestigation, however, and attention in this paper
will be confined, insofar as it is possible, to the
simpler problem of the evaluation of the usefulness
of the choked wind tunnel in the simulation of
unbounded flow with free-stream Mach number 1.

The results shown in figure 19 for the pressure
distribution on a parabolic-arc body of revolution
of thickness ratio 1/12 furnish an interesting
contrast with those given in the preceding figure.
The theoretical results from reference 30 for an
unbounded flow with free-stream Mach number 1
arc presented in figure 19 together with two sets
of experimental results, both for the same model
which had a maximum diameter of 6 inches.  The
data presenied in the upper part of this figure
refer to the results obtained under choking condi-
tions in the Ames 12-Foot Pressure Wind Tunnel.
Those presented in the Jower part refer to the
results measured at an indicated Mach number 1
in the Ames 14-Foot Transonic Wind Tunnel and
reported in reference 34 by Taylor and MeDevitt.
Tt can be scen that the relationships among the
various experimental and theoretical results are
substantially the same as for the body of thickness
ratio 1/6 over the front part of the body, but that
substantial discrepancies appear among the results
at stations rearward of about 60 percent of the
body length.  The experimental data obtained in
the choked wind tunnel are, morcover, generally
on the opposite side of the theoretical curve from
the experimental data obtained in the transonie
wind tunnel with partly open walls.

Similar effects, although larger in magnitude,
arec immediately apparent in the corresponding
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Ficure 19.—xperimental and theoretical pressure distributions for parabolic-are hodies of thickness ratio 1/12.

results presented in figures 20 and 21 for two
different parabolic-are bodics of thickness ratio
1/14 with maximum diameters of 6 and 8 inches.
The magnitude of the interference effects observed
in these results is so large, in fact, that the data
from both the choked wind tunnel and the tran-
sonic wind tunnel are almost useless as an indi-
cation of the pressure distributions that oceur on
these particular bodies in an unbounded flow with
free-stream Mach number 1.

Examination of the wvarious results shown in
figures 19 through 21 discloses a considerable
variation for cach body. The differences between
a given pair of experimental and theoretical results
are generally of opposite sign on the front and
rear of each body, and are, moreover, of such a
nature that the theoretical pressure distribution

for unbounded flow with free-stream Mach num-
ber 1 is somewhere between the experimental
results measured in the choked wind tunnel and
those measured in the transonic wind tunnel. Tt
can be seen, in particular, that the values for the
pressure coefficient measured in the choked wind
tunnel are too positive on the front of the body
and too negative on the rear for agreement with
the theorctical result. This observation, when
considered together with the qualitative discus-
sions presented in some of the preceding sections
of this paper, provides a strong indication that
interference effects of the type described in con-
nection with equations (27) and (28) are present
on the front of the bodies, but that these effects
arc overbalanced on the rear of the bodies by
interference effects of the wave reflection type.
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Frevre 20.—Experimental and theoretical pressure distributions for parabolic-arc bodies of thickness ratio 1/14 and
maximum diameter 6 inches.

A check on the validity of the first part of the
preceding statement can be made by comparing
the differences between the experimental results
measured in the choked wind tunnel and the
corresponding theoretical results for an unbounded
flow with free-stream Mach number 1 with the
predictions provided by the similarity rule given
by equation (27). This rule, which states that
the absolute magnitude of the interference effects
on the pressure coefficient are proportional to
7D indicates that the interference cffects
are smallest for the body of thickness ratio 1/12,
about 15 percent larger for the body of thickness
ratio 1/6 and for the smualler body of thickness
ratio 1/14, and about 70 percent greater for the
larger body of thickness ratio 1/14. It can be
seen that the differences among the various experi-
mental and theoretical results are in at least

qualitative agreement with these predictions over
the front of each of the four bodies.

The validity of the statement that the inter-
ference cffects on the rear of the bodies of thick-
ness ratios 1/12 and 1/14 are due predominantly
to wave reflection phenomena can be checked by
examination of the characteristic diagram pre-
sented in figure 22. This diagram shows an
abridged plot of the charactleristic lines for an
unbounded flow with free-stream Mach number 1
about a parabolic-are body of thickness ratio 1/6.
It is taken from reference 35 by Oswatitsch and
has been calculated by use of the linearized theory
of sonie flow described by Oswatitsch and Keune
in reference 36 to compute the conditions along
the sonic line, and by use of a simplified method
of characteristics based on the nonlinear equations
of transonic flow theory to compute the conditions
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line represents the position of the wall in the tests
of the body of thickness ratio 1/6 in the 12-Foot
Pressure Wind Tunnel.  This diagram shows that
the wind-tunnel walls are suflictently far away
that the results for this particular body should be
uninfluenced by interference effects of the wave
reflection type. This result appears to be in com-
plete agreement with the observed properties of
the results measured in the choked wind tunmnel
and presented in figure 18.  The broken horizontal
lines represent the positions of the walls relative
to the characteristic network for the tests of the
bodics of thickness ratio 1/12 and 1/14. The
results for these bodies are obtained from those
for the body of thickness ratio 1/6 by application
of the transonie similarity rule for axisymmetric
flow, which states that the flow fields associated
with sonic flow past an affinely related family of
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Fi1GTRE 21.- Fxperimental and theoretical pressure distributions for parabolic-are bodies of thickness ratio 1/14 and
maximum diameter 8 inches.
in the supersonic region. The solid horizontal  slender bodies of revolution can be brought into

coincidence by stretehing the lateral coordinates
in inverse proportion to the thickness ratio. The
results are plotted in figure 22 with a distorted
Luteral scale so that a single characteristic diagram
will suffice for all cases. Tt is evident that the
wind-tunnel walls are no longer sufficiently far
away to prevent some of the characteristics that
reflect from the walls from impinging on the rear
of the bodies of thickness ratios 1/12 and 1/14.
These results show, moreover, that the most
forward reflected characteristic strikes the body
at about 55 pereent of the body length in the
tests of the body of thickness ratio 1/12, about
50 percent of the body length in the tests of the
smaller body of thickness ratio 1/14, and about 40
percent of the body length in the tests of the
larger body of thickness ratio 1/14.  The effect of
the reflected characteristics striking the body is to
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Ficrre 22.-— Characteristie diagram for parabolic-are
body of revolution in an unbounded flow with free-
stream Mach number 1 (ref. 35) and effective positions
of walls in tests in the Ames 12-Foot Pressure Wind
Tunnel.

make the pressure coefficients more negative, since
the outgoing characteristics represent expansion
waves that reflect from the solid wall of the tunnel
as expansion waves. Evidence of the absence or
presence of such effects is clearly visible in the
results of the tests in the choked wind tunnel
presented in figures 18 through 21.

Objection might be raised to the argument
presented in the preceding paragraph on the
basis that the characteristic diagram is not only
calculated by means of an approximate theory,
but applies to an unbounded flow with free-
stream Mach number 1 rather than to a flow in
a choked wind tunnel.  Although considerable
evidence has been given in the preceding diseus-
sion showing that the conditions in the vicinity
of the body are very similar in these two flows,
very little information has been provided regard-
ing the conditions at greater distances from the
body. Figure 23 has been prepared, therefore,
to provide a comparison of the theoretical and
experimental results for the location of the sonic

point along the wall of the test section for each of
the tests in the 12-Foot. Pressure Wind Tunnel.
In this figure, the caleulated position of the sonic
point is indicated by a filled symbol for each of
the four bodies, and the corresponding local Mach
number distribution measured along the wall of
the test section is indicated by a series of similar
open symbols.  Although the experimental data
are rather limited in quantity for cach of the
bodics, it can be scen that the theoretical and
experimental results are in good agreement.
This observation serves further to confirm the
conclusion that substantial interference effects of
the wave reflection type are present in the ex-
perimental results obtained in the 12-Foot Pres-
sure Wind Tunnel for the pressures on the rear
of the parabolic-arc bodies of thickness ratios
1/12 and 1/14.

Tt is important to note before leaving the
discussion of parabolic-arc bodies that the results
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F1¢rrE 23.—Local Mach number distributions along wall
of the test section of the Ames 12-Foot Pressure Wind
Tunnel in the tests under choking condition of four
different parabolic-arc hodies of revolution.
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of the tests in the transonic wind tunnels (figs. 19
through 21) also display unmistakable evidence
of the presence of interference effects of the wave
reflection type, although of opposite sign, at
about the same station on each of the bodies as
in the tests in the choked wind tunnels. Although
the test secction of the 14-Foot Transonic Wind
Tunnel is somewhat larger than that of the 12-
Foot Pressure Wind Tunnel, it can be seen from
figure 23 that the most forward point at which
such effects would be expected to be observed is
indeed only very slightly farther aft in the tran-
sonic wind tunnel than in the choked wind tunnel,
The sign of the interferenee ceffects in the tran-
sonic wind tunnel is not so simple to ascertain
theoretically, since the reflections from the solid
part of the wall are expansion waves and those
from the open part of the wall are compression
waves. It appears from the results presented in
figures 19 through 21, however, that the influence
of the reflections from the partly open wall of
the 14-Foot Transonic Wind Tunnel is very
nearly equal in magnitude but opposite in sign
to that of the reflections from the solid wall of
the 12-Foot Pressure Wind Tunnel. This aspect
of wind-tunnel wall interference imposes strong
restrictions on the maximum length of bodies for
which reliable results can be determined in either
a transonic wind tunnel with partly open walls
or a solid-wall wind tunnel operating in the choked
condition. These restrictions become increasingly
severe, moreover, as the thickness ratio is dimin-
ished, and it 1s necessary to use models that are
not only smaller in diameter but also smaller in
length to prevent the reflected waves from im-
pinging on the rear of the model.

Smooth bodies with maximum thickness at 30
and 70 percent of the body length.--It was shown
in the preliminary qualitative discussion of
interference effects at Mach number 1 that inter-
ference effects of the subsonic type observed on
the front of a body of given thickness ratio and
length tend to increase as the point of maximum
thickness is moved rearward along the length of
the body; whereas interference effects of the wave
reflection type observed on the rear of the body
tend to increase as the point of maximumn thick-
ness is moved forward. These eflects are illus-
trated by an interesting set of theoretical and
experimental results presented in figures 24, 25,
and 26. The experimental data refer to the

pressure distributions measured in the Ames
12-Foot Pressure Wind Tunnel and in the Ames
14-Foot Transonic Wind Tunnel on a pair of
bodices, onc of which has the point of maximum
thickness located at 70 percent and the other at
30 percent of the body length. Both bodies have
a thickness ratio of 1/12 and a maximum diameter
of 6 inches. Tt may be noted that the two bodies
have the same thickness ratio and maximum
diameter and were tested in the same two wind
tunnels as the parabolic-are body for which results
are shown in figure 19. The results shown in
figures 19, 24, and 25 are thus directly compa-
rable, and may be considered as a single family to
illustrate the effects of the location of the point
of maximum thickness.

The ordinates of the surface of the bodies for
which experimental data are presented in figures
24, 25, and 26 are given, respectively, by

Ril=A[(x/l)— (x/1)™] (29)
and

Ril=A[(1—2/l)— (1 —x/D)"] (30)

where A is related to the thickness ratio 7 and n by

4 ,nn/ (n—1)
i ——g(n——:—]—) T (31)
and n and 7 have the values 6.03 and 1/12. Both

of the bodies are truncated at the station along
the rear where the diameter is half of the maximum
diameter in order to permit the model to be
mounted on the support. The experimental data
from the Ames 14-Foot Transonic Wind Tunnel
are taken from reference 37 by McDevitt and
Taylor and need no further description here.
The data from the Ames 12-Foot Pressure Wind
Tunnel were obtained with the wind tunnel
operating in the choked condition, and with the
same model used in the {ests in the transonie wind
tunnel. The results for the pressure distributions
measured on the surface of each body are shown
in figures 24 and 25, and those for the local Mach
number distributions measured along the wall of
the choked wind tunnel are shown in figure 26.
The theoretical pressure distributions shown in
figures 24 and 25 are again those indicated for an
unbounded flow with free-stream Mach number 1
by the approximate theory of reference 30. The
latter results are for a complete body with ordi-
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Ficrre 24.— Experimental and theoretical pressure distributions for body of thickness ratio 1712 with maximum thickness
at 70 percent of the body length.

nates very slightly different from those of the wind
tunnel models, inasmuch as the exponent 6.03
that appears in equations (29), (30), and (31) has
been replaced by 6 to simplify the calceulations.
The theoretical pressure distributions for these
bodies have not been given previously, but have

been computed following exactly the same pro-
cedures as are described in reference 30 for the
parabolic-arc bodies. The resulting values for
(,* along the surface of the bodies are tabulated
in table T and are plotted in figures 24 and 25
together with both sets of experimental results.
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of the test section of the Ames 12-foot Pressure Wind
Tunnel in the tests under choking condition of the
bodies of thickness ratio 1712 having maximum thickness
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Tnspection of the results for the body with
maximum thickness at 70 percent of its length
(fig. 24) reveals that the two sets of experimental
data are in essential agreement with each other,
and also with the theoretical results for an un-
bounded flow with free-stream Mach number 1.
Tt is quite clear, however, that the theoretical
values for the positive pressure cocfficients along
the forward part of the body are slightly smaller
than those measured in the choked wind tunnel,
and slightly greater than those measured in the
transonic wind tunnel. Furthermore, these differ-
ences are somewhat larger than those present in
the corresponding results for the parabolic-are
body shown in figure 19. On the other hand, the
differences among the three sets of results are
smaller over the rear of the present body than they
are over the rear of the parabolic-are body.
Comparison of the results given in figures 26 and
23 show also that the location of the sonic point
along the wall of the wind tunnel is somewhat
farther aft than in the case of the parabolic-are
body. These observations are consistent with the
properties of wind-tunnel interference desceribed
briefly at the outset of this section.

Similar inspection of the results for the body
having maximum thickness at 30 percent of its
length that are presented in figure 25 reveals
trends that are quite the opposite of those ob-
served in the results given in figure 24. These
trends, however, are still consistent with the

properties of wind-tunnel interference deseribed
above. Tt can be seen, in particular, that all of the
experimental and theoretical results are in agree-
ment over the forward part of the body, but that
substantial differences develop among the various
results over the rear of the body. The lutter dif-
ferences are, in fact, the most striking of all those
to be seen in the many comparisons of theoretical
and experimental results given in this paper. The
results from the transonic wind tunnel indicate
that the recompression along the rear of the body
begins at about the point of maximum thickness,
and proceeds gradually in general agreement with
the trend indicated by the theoretical pressure
distribution, until, at a point well upstream of the
base of the model, a Tegion of rapid recompression
is encountered. The pressures indiceated by the
experimental and theoretical results are widely
different downstream of this region, and the gen-
cral appearance of the results strongly suggests
that the rapid recompression observed in the ex-
perimental pressure distribution is associated with
the presence of a shock wave oriented nearly
normal to the flow. The results from the choked
wind tunnel also indicate that the recompression
along the rear of the body begins at about the
point of maximum thickness, and proceeds gradu-
ally in general agreement with the trend indicated
by the theoretical pressure distribution. No
region of rapid recompression is observed, how-
ever, and the flow continues to decelerate smoothly
until nearly sonic velocity is reached whereupon
a region of rapid expansion is observed over the
remainder of the length of the body. Although
the possibility of such a behavior is readily under-
standable qualitatively in terms of wind-tunnel
interference cffects of the wave refleetion type
that would be anticipated to oceur when the sonie
point on the wall is as far forward as it is indicated
to be for this body in figure 26, the magnitude and
abruptness of the expansion were so striking that
the model was remounted in the wind tunnel at
a later date and a second sct of measurements
wore made.  The data obtained in both tests are
included in this figure, and it is readily apparent
that the two sets of results are in essential agree-
ment, The results obtained in the choked wind
tunnel and in the transonic wind tunnel are very
different over the rear of this particular body,
however, and it is highly unlikely that either set
of experimental results represents a good approxi-
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mation for the pressure distribution on this body
in an unbounded flow with {ree-stream Mach
number 1. It is quite possible, on the other hand,
that a good approximation is provided onece again
by the theoretical results, since they agree with
the experimental results in regions where inter-
ference cffects are not expected to be significant
and are intermediate between the experimental
results obtained in wind tunnels with solid and
partly open test sections in the regions where inter-
ference effects of opposite sign are expected in the
two wind tunnels,

CONCLUDING REMARKS

In summary, two principal conclusions emerge
from the foregoing investigation of wind-tunnel
interference effects in two-dimensional and axi-
symmetric flows. The first is that the experi-
mental data support the general result indicated
by theory that the flow in the vicinity of the model
in a test section having solid walls and operating
in the choked condition has a close resemblance to
that in an unbounded flow with free-stream Mach
number 1, provided the dimensions of the model
arc sufficiently small compared with those of the
test section. Tt appears, furthermore, that the
results obtained in this way are at least as accurate
as those obtained in a transonic wind tunnel with
partly open test section. The second conclusion
is that substantial interference effects, particularly
those of the wave-reflection type, may be en-
countered under certain conditions, both in choked
wind tunnels and in transonic wind tunnels, and
that the reduction of these interference effects to
acceptable limits may require the use of models of

unusually small size. A further result of some-
what secondary significance in the present investi-
gation is that the theoretical pressure distributions
indicated by transonic flow theory for unbounded
flows with free-stream Mach number 1 continue
to be of almost surprising aceuracy, considering
both the small perturbation approximation in-
herent in the fundamental equations of the theory
and the novel nature of some of the procedures
used (o obtain approximate solutions of these
equations.

The results of this investigation for axisym-
metric flow are of interest not only because of the
frequent use of a body of revolution in acronau-
tical design, but also because of the central role
of the body of revolution in applications of the
transonic arca and cquivalence rules. Tt should
be noted, moreover, that the fundamental prop-
erty of the flow associated with these rules
provides a strong suggestion that conclusions
similar to those given in the preceding paragraph
would also be found upon investigation of three-
dimensional flows without axial symmetry. This
possibility, together with the demonstrated exist-
ence of interference ceffects of large magnitude in
transonic wind tunnels with partly open walls,
should provide ample assurance that the con-
tinued investigation of the usefulness of a choked
wind tunnel for the simulation of an unbounded
flow with frec-stream Mach number 1 is a worth-
while tusk.

AmEs REsEArcn CENTER
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
MorreTr Fiewn, Caurr., Jan. 20, 1960
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TABLE I— CALCULATED PRESSURIE DISTRIBUTION FOR BODIES OF THHICKNESS RATIO 1/12 WITH
MAXNXIMUM THICKNESS AT 30 AND 70 PERCENT OF THE BODY LFNGTH

@) &g, =0.70 ) DR, ,, =030
2l c,* i c,t EYs c,” 2l C.*
Parabolic Parabolic
0. 6773085 ~0. 081400 0. 3836582 ~0.120541
6073085 — . 094422 . 4036582 — . 121825
0. 0173085 0.077898 7173085 —. 108154 0. 0036582 0. 834674 4236582 —. 113400
0373085 069784 . 7373085 —. 129544 - 0136582 - 184435 . 4436582 —. 104448
0573085 065270 7573085 — . 137425 - 0236582 - 360727 . 4636582 — . 005274
0773085 . 062034 7773085 — . 152642 - 1336582 - 282695 . 4836582 —. 085097
0073085 050465 . 7973085 L 16784R - 0436582 - 225524 . 5036382 — . 07A852
. 1173085 057267 _S173085 —. 182658 - 0536582 179877 . 5236582 . 007802
. 1373085 . 055313 . 8373085 —. 196485 - 0636582 - 141966 . 5136582 —. 059293
. 1573085 . 033490 - 0736582 - 100431 . 5636582 —. 051054
. 1773085 (051755 Hvoerholic - 0836582 - 080835 . 5336582 —. 043302
. 1973085 050037 iyperbotie - 0936582 - 055425 , 6036582 —. 035093
. 2173085 . 048316 - 1036582 - 032590 . 6236582 —. 029212
| 2373085 . 046534 0. 8373085 —0. 196485 - 1136582 - 011877 . 64365682 — . 022883
. 2573085 044675 8473085 —. 201840 - 1230582 — 006872 . 6636582 — . 017062
2773085 . 042088 8573085 —. 206067 - 1336582 — 23914 7336582 —. 011638
. 2073085 . 040548 . BAT30R5 —. 208455 - 136582 — 039664 . 7036582 —. 006603
3173085 . 038210 . RTT3085 —. 208568 - 1536582 —. 053677
. 3373085 035647 . BRT3085 —. 205703 - 1636582 —. 066727 —
3573085 . 032808 . 8O7T3085 . 198917 - 1730582 —. 078340 iptie
3773085 . 020665 . 9073085 —. 186908 - 1836582 —. 083050
. 3973085 . 026165 0173085 —. 167791 - 1936582 —. 008431 0. TI36562 —0. 004470
. 4173085 . 022277 . 9273085 —. 138591 - 2036582 — 100928 . 7236582 —. 003048
. 4373085 . 017956 9373085 —. 093257 - 2136582 —. 114470 . 7336582 —. D01761
4573085 . 0131358 - 2236582 —. 121118 . 7436582 —. 000576
4773085 L 007844 Ellintic . 2336582 —. 126931 . 7530582 . DOMTH
. 1073085 001972 S - 2436582 —. 131958 . 7636582 . 601548
_B173085 —. 004401 - 2536582 —. 136271 7736582 . 002485
. 5373085 —. 011588 0.9400 —0.0766 - 2636582 —- 139914 . 7836582 . 003447
. 5573085 —. 010345 941932 —. 060891 . 8036582 L 005173
. 5773085 — . 027815 9500 —. 0055 Hyperbolic . R236582 006777
. 5073085 —. 037004 9600 L0618 . R436582 . 008308
6173085 —. 016930 L9700 L1351 . 6636582 . 009810
. #373085 —. 057638 0800 L2240 0. 2636582 —0.139914 . 8836582 . 011335
. 6573085 —. 069127 . 9900 3610 . 2836582 — 144579 . 9036582 . 012840
3036582 —. 116046 9236582 014714
. 3236582 —. 144820 9436582 . 016805
3430582 —. 141398 . 9636682 . 019554
3736582 —. 136177 . 0836582 . 024215
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